The coupling of CdTe/ZnTe quantum dot (QD) emission to micropillar cavity eigenmodes in the weak coupling regime is demonstrated. We analyze photoluminescence spectra of QDs embedded in monolithic micropillar cavities based on Bragg mirrors which contain MgSe/ZnTe/MgTe superlattices as low-index material. The pillar emission shows pronounced cavity eigenmodes and their spectral shape is in good agreement with simulations. QD emission in resonance with the cavity mode is shown to be efficiently guided toward the detector and an experimental Purcell enhancement by a factor of 5.7 is determined, confirming theoretical expectations.
The physics of light-matter coupling in semiconductor microcavities has progressed rapidly over the last 15 years. Pillar microcavities containing QDs have been used to control spatial, energetic and temporal properties [1, 2] of light emission. In terms of applications, the coherent coupling between light and matter obtained in such systems is of primary importance in quantum information processing. In this context an extension of the research from the III-V based systems to II-VI based ones is promising, as robust excitonic states and a stronger carrier confinement extend the functionality range of such QD systems to higher temperatures.
Recent results on the optical control of the spin state of a single Mn atom [3] underscore the perspective of enhanced light-matter coupling in ZnTe-based systems for applications in spintronics. This material is also a good choice for devices working at the green-orange spectral region. Over the last years excellent results have been obtained for the CdTe/(CdMg)Te planar cavities [4] , and also for the CdSe-based systems good quality micropillar cavities were demonstrated [5] . Clearly, II-VI based systems are promising candidates for the development of room temperature quantum emitters, though development of their mature cavity technology is still on a relatively early stage.
In this work we present a micro-photoluminescence (µPL) study of pillar cavities utilizing the recently developed superlattice-based distributed Bragg reflectors (DBRs) [6] lattice-matched to ZnTe [7] . These DBRs contain ZnTe layers as the high refractive index material and a short-period superlattice consisting of MgSe, MgTe and ZnTe layers as the low index material. These layers have a relatively large refractive index step of δn = 0.5, which allows for the use of an efficient top DBR with a small total thickness resulting in a relatively low level of absorption of the excitation laser beam. For the resonator structure a 20-pair bottom DBR and a 18-pair top DBR is employed providing a high level of photon confinement within the microcavity. The cavity region sandwiched between the two DBRs is made of ZnTe and has an optical thickness of λ. A single sheet of CdTe QDs prepared by the amorphous Tellurium desorption method [7] [8] [9] is placed in the center of the cavity at the antinode position of the optical field. The studied micropillars of diameters ranging from 0.7 to 2.9 µm were etched by focused ion beam (FIB) out of the planar cavity. Lateral light confinement in the micropillar cavities is assured by the refractive index step of about 2 between air and ZnTe [10] at the investigated wavelengths. The maximum of the QDs emission intensity was designed at around 2110 meV, while the cavity thickness, which defines the cavity mode energy, was targeted at 2050 meV, corresponding to the low energy end of the QDs ensemble emission. This approach, after selection of an appropriate pillar, enables coupling of a single QD line with a single cavity mode. Additionally a reference sample with nominally identical QDs in a ZnTe matrix without DBRs was grown. On the reference sample mesas of 1 µm diameter were etched to enable spatial selection of single QDs in the spectral range of interest.
The optical measurements were done in a µPL setup. The light was focused by an aspheric lens immersed together with the sample in helium gas. The high numerical aperture of the lens (0.68) enabled collection of photons emitted at an angle of up to 42 degrees with respect to the direction perpendicular to the sample. The lens was mounted on a positioner, which combined with an excitation spot below 2 µm enabled spatial selection of the pillar on the sample. The excitation beam was delivered from a frequency-doubled YAG laser (532 nm) or frequency doubled titanium-sapphire laser emitting 2 ps pulses at a wavelength of 405 nm. Such wavelengths are spectrally outside the DBRs stopband. The emission light was dispersed by a spectrometer and analyzed by a CCD camera or a streak camera for time-resolved signal acquisition.
The µPL spectra measured at low temperature and under low excitation power (few µW) show single QD lines. At increased temperature and excitation power the broadened spectral emission of the ensemble of QDs serves as an internal light source in the investigation of cavity photonic properties [1] . Photonic eigenmodes, resulting from the optical confinement due to the DBRs and reflection from the sidewalls [1, 11] can be observed. The typical modes are shown in Fig. 1 and form a characteristic pattern. With decreasing diameter of the pillar a blue-shift is observed, as well as an increase of the distance in between neighboring eigenmode lines. This is expected for increasing confinement and routinely observed for micropillar cavities in other material systems [1, 5] . Despite the random distribution of QDs and their emission energies the photonic pattern is reproducible for series of pillars of the same size and it undergoes smooth changes for increasing/decreasing diameter of the pillars.
In order to describe the observed cavity modes we have calculated the mode structure for the three-dimensional micropillars using a vectorial transfer-matrix method [12] . This approach combines high accuracy with reasonable computational effort provided that the analysis can be restricted to the confined (bounded) modes in the transverse direction. This is well justified for pillars with sufficiently large diameters, for which the radiation in the transverse direction is negligible. Following Ref. [12] , we expand the electric and magnetic fields in each layer of the pillar with respect to cylindrical waveguide modes and determine the expansion coefficients by using the continuity relation for the field at the interface of adjacent layers. Within the so-called common-mode approximation only waveguide modes with the same mode number are coupled across the interfaces, leading to a transfer matrix description for the light propagation through the pillar. The green lines in Fig. 1 show the simulated cavity spectra, wherein the refractive indices, DBR layer thicknesses, and pillar diameters enter as parameters. The refractive index of the superlattice (frequency dependent dispersion and absorption) was determined experimentally [6] and other indices were taken from Ref. [10] . The spectral position of the individual modes is indicated by vertical dashed lines and their broadened superposition determines the shape of the calculated cavity spectra. The obtained resonance wavelengths correspond very well to the experimental spectra, which identifies the peaks in the PL as different transverse modes of the micropillar.
We have proven the efficient coupling of QD emission to cavity mode in the experiment with continuous wave excitation. For a pillar of 1.9 µm diameter, individual QD emission lines and eigenmode emission were identified at liquid helium temperatures (see Fig. 2(a) ). The variation of the QD transition energy with temperature was used to control the detuning [13] . The emission energy of QDs is following the bandgap of the material, and it depends stronger on the temperature than the energy of the photonic modes. The photoluminescence of the QD and the cavity mode as a function of their relative detuning, is shown in Fig. 2(b) . shifts by about 1.5 meV and the QDs about 5.5 meV. At 57 K, where the energy of one of the QDs lines and the photonic cavity mode energy are equal, PL of the system shows an intensity maximum which can be regarded as a proof of resonant coupling of the QD emission to the cavity mode. In order to analyze emission intensity we integrated the intensity of the QD line and the cavity mode, and divided by the average emission of a large number of QD lines and modes of the pillar. The obtained relative intensity (see Fig. 2 (c) ), reveals the expected Lorentzian profile as a function of temperature for both positive and negative detuning. We pump the system well below the saturation of the QD emission. Therefore the intensity enhancement is interpreted as mostly resulting from the geometrical redirection of the emission toward the detector [14] , as pillar modes show directional emission along the growth axis [15, 16] . The off resonant emission into the leaky modes is not collected by the detector. Additionally, we attribute the enhancement to a shortening of the lifetime of the excitonic state as a result of the Purcell effect [2, 17] . Faster recombination into the radiative channel of the cavity mode reduces recombination by the different ones, like other cavity modes [18, 19] or non-radiative processes.
In order to determine the Purcell factor for our pillars, the time-resolved excitonic emission was measured as a function of the detuning from the cavity mode. We chose a single QD emission line in a micropillar of 1.4 µm diameter, which was in resonance with the fundamental mode at 23K (see Fig. 3(a) ). The pillar was preselected from a group of several tens of pillars as the QD showed very bright emission at resonance. This indicates a pronounced Purcell effect resulting from a good spatial matching of the QD position and the cavity mode antinode. The choice of the resonance at low temperature limits thermally activated non-radiative recombination processes, which potentially shorten the recombination time, blurring the investigated Purcell effect.
To explore the exciton decay dynamics we have integrated the PL in a 1 meV broad frequency window around the QD emission. As can be seen in Fig. 3(b) the results show an exponential decay behavior, which we have fitted accordingly and extracted the exciton lifetime. To avoid the creation of multi-exciton configurations, which would lead to a prolonged decay due to cascaded emission, we have used low excitation power. In Fig. 3(c) the measured decay times are shown and exhibit a clear shortening at zero-detuning. We attribute this result to Purcell enhancement of the exciton emission. The apparent asymmetry of the decay time as a function of detuning is related to the phonon-assisted emission of the cavity mode [20] . At low temperature, where phonon emission is much more probable than phonon absorption, this emission channel is efficient only when the QD is on the higher energy side of the mode.
For certainty that the change in the decay time is by no means related to the temperature variation we performed a similar experiment on a reference exciton line and used QD in an unstructured environment (i.e. without the cavity). A constant value of the decay time of about 400 ps was obtained. This value is in agreement with results known for CdTe/ZnTe QDs [21] . Additionally we measured the average decay time of far detuned QD emission lines in the micropillar. This was done at low temperature (such lines are visible on the low energy side at Fig. 3(a) ) and the resulting decay time is also close to 400 ps. This proves that the rate of the offresonant emission is weakly influenced by the cavity. A pronounced photonic band gap and photonic modes are present only in the growth direction. The emitter can therefore couple to a quasi-continuum of "leaky" photon modes [22, 23] and photons can be emitted in directions off the growth axis and collected due to a large numerical aperture of the lens used in the experiment (0.68).
In the case where there is no inhibition of the spontaneous emission rate for detuned emitters, the Purcell factor might be written as [2] 
where τ is the lifetime of the QD exciton and ∆ is the detuning. In our experiment the average decay time of the reference QD is τ (∆ = ∞) = (422 ± 80)ps and the decay time at zero detuning is τ (∆ = 0) = (63 ± 3)ps. Thus we obtain a Purcell factor of F = 5.7 ± 0.5. We compare this value with a Purcell factor calculated using the formula
2 n 2 V . We assume Q = 1900 which is a typical quality factor observed for our micropillars with this size (for more information refer to [7] ).
The mode volume V = 28(λ c /n) 3 was calculated using the same extended matrix method described earlier, n is the refractive index at the position of the emitter (taken from Ref. [10] ) and λ c is the resonant wavelength of the mode. We obtain F = 5 which is in good agreement with the experimental value.
Concluding, we observed pronounced cavity eigenmodes as a function of the pillar diameter, showing good agreement with simulations. The emission of QDs was shown to be efficiently directionalized by means of coupling it to the cavity eigenmodes. A Purcell enhancement factor of 5.7 was determined, which is the highest reported, experimentally obtained value for II-VI 
